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This paper describes a study on the effect of material defects on SiC Schottky barrier diodes

(SBDS). Similar experiments on SiC PNdiodes have been reported recently [1, 2]. In this study we
construct a detailed mapof defects on a test wafer using SWBXTand EBIC, observe the electrical

behavior of small diodes that are either defect free or contain a knowndefect, and determine the

correlation between the observed electrical behavior and the presence of defects within the device.

The study is conducted on a 50 mmdiameter n-type 4H-SiC substrate with a 10 umn-type epilayer

doped I x 1016cm~3with nitrogen. Individual die 2mmsquare are defined by RIE. Eachwafer is then

mappedusing SWBXTand EBIC, and SBDSranging in diameter from 30 - 200 umare fabricated

within each die. Edgetermination is formed by implanting I x 1015 cm~2boron atoms at 30 keV in 30

umrings surrounding each diode. The implants are activated at 1050'C to remove lattice damage
without activating the dopants [3]• Nickel Schottky contacts are deposited by E-beamevaporation

and patterned by liftoff.

I-V measurements,shownin Figure 1, indicate a barrier height of I .4 eV, an ideality factor of
1.1, and a typical breakdownvoltage of over 1400 V. Leakagemeasurementson 200 devices reveal

158 diodes with nearly identical leakage characteristics, similar to those previously reported [4]. The
other 42 diodes exhibit excessive reverse bias leakage, as illustrated in Figure 2.
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Figure I: Forward and reverse bias I-V characteristics Figure 2: Comparisonof reverse bias
of nickel 4H-SiCSchottky barrier diodes leakage current density
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Examplesof the obtained SWBXTandEBICimages are shownin Figure 3, including an overlay

of the two images. As was demonstrated by Schnabel, et al. [5], each screw dislocation (SD)
identified in the SWBXTimages correlates to a unique recombination center (RC) visible in the

corresponding EBIC image. The images are used to collect defect concentration statistics and to

determine the location of each defect relative to the 200samplediodes.
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Figure 3: (a) SWBXTimage, (b) EBICimage. (c) SWBXT/EBICimageoverlay, indicating the location of screw
dislocations (SDs) and other recombination centers (RCs) relative to several diodes.

Note that each SDcorresponds to a RC,but not all RCsare due to SDs.

The average screw dislocation (SD) density identified by SWBXTis 4,096 cm~2and the EBIC
defect density is 29,400 cm~2. Of 200 diodes, 59%contain SD's and 98%contain EBICdefects.

Diodes are classified as 1) defect free, 2) SDin diode area, 3) SDin edge termination ring, 4) EBIC
defect in diode area, and 5) EBICdefect in termination ring. Thecollected statistics are sumnrarized
in Table 1.

%BadDevices %GoodDevices
with Defect with Defect

ScrewDislocations

Active Area
Ed e Termination

Boundar

60%
19%
52%
26%

58%
19%
51%
27%

Recombination Centers
Active Area
Ed eTermination

Boundar

98%
71%
98%
86%

97%
61%
96%
75%

Table I: Probability of finding SDSand RCsin or near diodes with goodor bad leakage characteristics

Surprisingly, to within statistical error, the probability of finding a good device is the samefor

each category, indicating there is no correlation betweenSD's or EBICdefects andexcessive leakage
characteristics. In fact, 58%of the 158 well-behaved diodes contain SD's and 97%contain EBIC
defects, while 40%of the diodes with excessive leakage current are completely free of SD's. This
unexpected result suggests that, unlike SiC PNdiodes [1,2], the reverse leakage current in SiC SBDS
is not dominated by either SD's or EBIC defects. While these defects may impact device

performance in other ways, they do not appear to prevent the manufacture of high-voltage low-
leakage SiC SBDs.Amoredetailed discussion of these results will be presented at the conference.

Acknowledgements:Wethank P. G. Neudeckand S. G. Bailey, NASAGlenn ResearchCenter,

for assistance with processing, EBIC imaging, and for helpful conversations, and M. Dudley of

SUNYStony Brook for SWBXTimaging. This work is supported by ONR/MURIgrant No.
NOOO14-95- I - 1302.

[1] R. Raghunathan,B. J. Baliga, Applied Physics Letters, 72, 3196 (1998).

[2] P. G. Neudecket al., IEEETrans. Electron Devices, 46, 478 (1999).

[3] A. Itoh, et al., Proc.6th Int'l Conf. on Silicon Carbide and Related Materials, 685 (1996).

[4] K. Schoenet al., IEEETrans. Electron Devices, 45, 1595 (1998).

[5] C. M. Schnabel, M. Tabib-Azar. P. G. Neudeck. S. G. Bailey. H. B. Su, M. Dudley, and R. P. Raffaelle,

Materials Science Forum. Vol. 338-342, pt.2, pp.489-92, 2000.

-536-



Technical Digest oflnt'l Conf on SiC andRelated Materials -ICSCRM2001~Tsukuba, Japan, 2001 ThA3-2

Electrical Properties and Interface Reaction of AnnealedCu/4H-SiCSchottky Rectifiers

T mO i HATAYAMA,Kazuaki KA\~'AH]To_Hiroshi Kl.IIMA, Yukillaru URAOKA,and Takashi PUYUKl

Graduate Scilool of Materials Science, Nara Institute of Science and Technology

Takayama8916-5, Ikoma. Nara630-01OI.
Japan

Pllone/Fax : +81-743-72-6072/-6079, E-mai[ : hatayama@ms.aist-nara.ac.jp

Nowadays,high-blocking voltage 4H-SiC Schottky rectifiers have been demonstrated. To
realize stable electrical properties under high-power and high-temperature operations for a
Schottky rectifier, it is important to form a reliable metal contact. Copper(Cu) is one of the

expecting materials because of its low resistivity and high thermal conductivity. Our group
has reported the electrical properties of Cu/6H-SiC junctions [l]. In this paper, the relation

between stability of electrical properties and chemical reactions at Cu/4H-SiC Schottky

interface by thermal annealing wasrevealed for the first time.

Ann-type 4H-SiChomoepitaxial layer with a 10 /1 mthick and a donor concentration of 1.0

- I.4 X 1016cm~3grownon (OOOI)Si-face substrates were used. Anohmic contact on the back
of substrate wasemployedby the deposition of nickel and annealed in N2ambient at IOOO~C.

Coppercontacts were deposited by the RFsputtering methodat roomtemperature. Diameter
and thickness of copper contacts were 200 ll mand 200nm,respectively. To analyze effects of

thermal annealing, an as-deposited Cu/4H-SiCjunction was treated in N2 ambient at 300-
700~C for 5minutes.

Figure I shows current density-voltage characteristics at room temperature for typical

Cu/4H-SiCSchottky rectifiers, which had good Schottky properties. After thermal annealing

at 300~C, the barrier height (cB) and ideality factor (n) was slightly increased, and the

reverse leakage current could be successfully reduced. The fluctuation of electrical properties

under the continuous forward bias condition is shown in Fig.2. Solid and dashed lines

correspond to the as-deposited and annealed Cu/4H-SiC Schottky rectifiers, respectively.

With the constant forward current at O. 125A(400A/cm2) for I minute, the barrier height and
ideality factor of the as-deposited Cu/4H-SiC Schottky rectifier changed especially at the

beginning. On the other hand, the electrical properties of annealed Cu/4H-SiC Schottky
rectifiers were very stable for a long-time operation over 50 minutes. A suitable thermal

annealing for a Schottky contact is very useful to improve reliability and stability in the

Cu/4H-SiCelectrical properties.

To discuss the electrical properties of Cu/4H-SiCSchottky contact in moredetail, annealing

temperature dependenceof barrier height and ideality factor is studied (Fig.3). Annealing at

500~C was found to improve the Schottky barrier height, i.e. the barrier height increased up
to about I.75eV, and the ideality factor waskept below I .1

.
The barrier height of Cu/4H-SiC

could be controlled by annealing temperature. With the increase of annealing temperature

over 500~C
,

however, Cu/4H-SiC Schottky properties became poor : Barrier heights

decreased to around I .6eV, and ideality factor increased over 1.3. Chemical bonding

structures at a Cu/4H-SiC interface were analyzed by X-ray photoelectron spectroscope

(XPS) measurement, as shown in Fig.4. The reduction of Si2p binding energy and the
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increase of Si2p photoelectron intensity were observed at annealing temperature over 300~C
.

It is considered that bonding structures of silicon atoms near the Cu/4H-SiC interface will

changeby the annealing, Ieading to the formation of stable Schottky junction and the increase

of barrier height. With the increase of annealing temperature over 500~], however, the Cu2p
binding energy was increased. Coppernear the interface chemically reacts with the silicon by
the annealing, i.e, degradation of Schottky properties is caused by the formation of copper
silicide at the Cu/4H-SiC interface.

[IJT.Suezaki, et.al., Jpn.J.Appl.Phys., 40 (200 1)L43.
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Ni-based metals have attracted manyattentions as an ohmic contact for n-type SiC due

to their low contact resistivity. The ohmic contact formation was thought to be due to the

formation of Ni2Si phase, even the Ni2Si were formed at temperature of as low as 600 'C.l

Thus, ohmic contact formation mechanismof Ni remains still unclear. In this work, the

microstructure and electrical properties of Ni contact were studied. Fromthese, the origin

of ohmic contact formation for Ni contact on n-type SiC is proposed.

Thechanges for both Schottky barrier height (SBH)and ideality factor as a function of

annealing temperature are shown in Fig. I .
The SBHwas I .55 eV for as-deposited Ni

contact and it increased to I.78 eVat 600 ~C. Whenthe Ni contact wasannealed at 1000 "C,

ohmic contact, corresponding to the SBHof 0.38 eV, wasformed.

Figure 2 exhibits XRDprofiles of the Ni contact with annealing temperature. After

annealing at 600 "C, most of Ni film was transformed to nickel silicides composedof 5-

Ni2Si and Ni31Sil2. After annealing at 950 "C, peaks corresponding to NiSi and graphite

(002) were newly detected. These suggest that the formation of ohmic contact on n-type

SiC is not due to the formation ofNi2Si, because the ohmic contact formation temperature

(>900 'C) wasfar from the Ni2Si formation one (-600 'C).

Figure 3(a) showsthe XTEMmicrograph of the Ni contact on n-type SiC annealed at

950 ~Cand, (b) and (c) showthe micro diffraction patterns at the position, markedas "I"

anu ' ,
respectrvely Thepattern recorded near the contact markedas "I", wasindexed asA "o"

NlS1 and the pattern marked as "2" was indexed as 6-Ni2Si phase, suggesting that the

composition of Si in nickel silicide fonuing at the interface increases with annealing

temperature
.

The effect of elemental diffusion on the change of electrical properties was
investigated by XPSwith depth for Si 2p, CIs and Ni 2p at 950 "C, shownin Fig. 4. An
abundanceof Catoms outdiffilsed through the Ni silicide and accumulated at the surface.
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This suggests that the predominant outdiffusion of C atoms is closely related to the

formation of ohmic contact.

In SiC, Vc act as donors for electrons and Si vacancies, Vsi, as acceptor. The ionization

energy level of Vc is located at 0.5 eV2under the conduction bandedge, but Vsi is at 0.45

eV3above the valence bandone. Anumberof Vc wasgenerated due to the outdiffusion of

carbon atomswhenthe Ni contact wasannealed at 950 "C. This causes net concentration of

electrons to increase under the contact because of role of Vc acting as donors. Thus, the

depletion layer width and effective tunneling barrier height for the transport of electrons are

simultaneously decreased, Ieading to the reduction of contact resistivity.
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Ohmic contacts are difficult to achieve on
SiC due to the high Schottky barrier height. For
conventional Ohmic contacts, a reduction of
tunneling barrier height is attained by doping the

semiconductor near the surface to degenerate
levels even with surface Fermi level pinning. In

this work, we demonstrate a newapproach for

the manufacturing of Schottky contacts to n-
type 4H- and 6H-SiC as well as Ohmiccontacts
to p-type 4H-SIC using Ti with embeddedAu
nano-particles on SiC based on a previous
approach in a study of electron transport at the

Au/InP interface [I].

The Schottky and Ohmic contacts were
formed by first depositing Au aerosol particles

with a diameter of 20 nmand with a density of

90-lOO um~2, see Fig.1, on the SiC surface [2].

Subsequently, Ti (2000 A) was evaporated onto
the sample. The reason for selecting Au and Ti
is that they have a large barrier height difference
((~)b~.

A~ -1.75 eV and (~)b~,
Tj -1.12 eV). Control

samples (particle-free Ti and Au, 2000 A) were
also fabricated as reference, for the Schottky
contact study. Fig. 2showsthe I-V curves for Ti
with embeddedAu nano-particles, particle-free

Ti, and Au Schottky contacts on n-type 4H-SiC
as a function of the measurementtemperature.
From our I-V measurements, the Schottky
barrier height (SBH) for Ti with embeddedAu
nano-partic]es on SiC was 0.19 eV (4H-SiO
and O. 15 eV (6H-SiC) Iower than the control Ti
Schottky contacts with the idea]ity factor of
almost unity (1.04 ~ 0.03, 4H-SiC and l.20 ~
O_i3, 6H-SiC) in the temperature range of 25-
300~C. It is also clear that thermionic emission
is domlnant.

In order to understand this reduction of the

SBHfor' Ti with embeddedAu nano-particles
Schottky contacts to SiC, it has been proposed
that SBHiowering is caused by an enhanced
electric field due to the small size of the Au
nano-particles and the iarge SBHdifference.

According to Tung's dipole-layer approach of
the potentiai and the electronic transport at

metal-semiconductor interfaces, the potential
distribution for circuiar patch geometry at MS
(metal-semiconductor) interfaces is given by [3]

-(z2 +F?g);• ~-r 2z z (1)
v(o,o,z)=vb'~1~ +v +v AepT7A~1w
Eq. (1) suggests that the electric field at the MS
interface depends on the size of the nano-
particle (R()) and SBH difference (AcTi_A~)

betweenTi and Aumetals. According to the Eq.
(1), the conduction band potential for Ti
embeddedAu nano-particles on n-type SiC:

shows there is no pinch-off, indicating no
electrical shielding of Au nano-particles. In

forward bias, the small barrier height Ti
Schottky contact conducts current dominantly
for Ti with embeddedAu nano-particles as
shown in Flg. 2. Due to the small size of the
nano-particles and large difference of SBH. the
electric field is increase.d at the interface. As a
result, the image force lowering effect of the

SBHwould be more significant than usual (up

to = O. 10 eV if E- 0.068xl07 V/cm, see Fig. 3).

Other authors have simulated even higher flelds.

= 3xl07 V/cm in Si r4]. This theoretical

calculation is in reasonab]e agreement with our
experimental results (0.19, 0.15 eV for 4H- and
6H-SiC, respectively). However, an extended
study is neededfor a moresolid explanation.
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Wehave also tested these contacts on highly

doped p-type SiC material. As shownin Fig. 4,

the total resistance between two TLMpads
(transfer length method), spaced 5 um apart

shows that Ti with embeddedAu has a lower
contact resistance than that of control Ti Ohmic
contacts on p-type 4H-SiC. Similarly, we also

explain the reduction of the Ohmic contact
resistance by the enhancementof the electric

field at the MSinterface, which makesthe SBH
thinner- This has only been shownpreviously on
silicon [4].
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The inductively coupled plasma reactive ion etching (ICP-RIE) of SiC single cryst

als using the NF3 gas mixture was investigated. Mesaprofiles were studied as a funct

ion of substrate bias power (25-100W), ICP coil power (700-1000W), chamberpressu

re (4-10mtorr), percentages of 02 (O-40010), and the distance between the substrate ho

lder and the source coil.

Figure I shows ICP-RIE characteristics of 4H-SiC mesasas a function of various

process parameters. It is observed that the etch rate increases as the ICP power (Fig

la) and the bias power increase (Fig lb). The etch rate decreases as the sample-coil

distance (Fig le), 02 o/o (Fig lc), and pressure (Fig Id) are increased. Smoothsurface

s (roughness ~ -1.5nm) and vertical sidewalls (about 85') were maintained throughout

the experiments.

Mesaswith vertical sidewalls and smooth surfaces were obtained at the low bias

conditions (Fig 2a), with the etch rate of up to 300nm/min, roughness of about Inm,

and verticality 85 '. Higher etch rates could be obtained in the case of high bias co

nditions (>-300V), although severe maskdamagewas observed (Fig. 2b).

Investigation on the effects of addition of various gases to the NF3mixture on the

mesaprofile is in progress and the results will be discussed during the presentation.

This work was performed as a part of the SiC Device DevelopmentProgram (SICD

DP) supported by the MOCIE(Ministry of Commerce,Industry and Energy), Korea
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Fig. 1. Etch characteristics of 4H-SiC as a function of (a) ICP source power, (b) b
ias power, (c) 02 o/o within NF3-basedgas, (d) pressure, and (e) sample-coil

di stance

Fig. 2.

(a) (b)

Cross-sectional SEMmicrographs of the SiC mesasetched at the conditions

of (a) 800W_50W(280V)L4mTorr_9cm-10min and (b) 900W_lOOW(410V)_

4mTorr_Ar30"/0-3cm-IOmin,
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Photoelectrochemical Etching Process of 6H-SiCwafers Using HF-basedSolution
andH202Solution as Electrolytes

Jung GyunSongand MooWhanShin
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Departmentof CeramicEngineering

MyongJi University, 38-2 Yongin, Kyunggi, Korea449-728

Telephone: +82-31-330-6465, Facsimile: +82-31-330-6457, e-mail: mwshin@mju,ac.kr

Dry etching methods which are commonlyused for the fabrication of SiC devices are

knownto result in ion-induced damageon the etched surface, which is highly undesirable for

the high frequency and high power device operation. In this paper, we report on the

photoelectrochemical (PEC) wet etching process of 6H-SiC using several electrolytes

including HF-based solution, H202solution and a mixture of HFand H202. The etching

process using the HF-basedsolution consists of formation of porous layer on the surface of

sample and thermal oxidation followed by HFdipping process to eliminate the porous layers.

li is belie,ved that the high density of pores was resulted from the reaction betweenoxygen

and carbon. It was confirmed from the EDSanalysis that most of carbon atoms were

eliminated from the surface of SiC after the PECetching, which indicates that the surface

carbon was used for the formation of C02 Or CO. An etching rate of 760 A/min was

obtained using a dilute HF(1.4 wt %in H20) electrolyte with the etching potential of 3.5 V.

WhenH202wasemployedas an electrolyte, an oxide layer wasformed on the surface of the

sample without a formation of porous layer. The formation of the oxide layer was almost

linearly increased with the etching time. The thickness of oxide is about 11500 A for the

etching time of 90 min.( H202: H20= 1: 210, without HF, applied bias = 2V). The etching

rate and the surface roughness were changedwith the variation of etching potential and the

amountof H202into the HFelectrolyte. Theetching rate is increased with the applied bias in

a range between5Vand 15 Vfor an electrolyte with 1.4 wt %of HFand 0.8 wt %of H202

(Figure 1(a)). The etching rate is shownto be increased as the concentration of H202 is

increased, but to be decreased after the concentration exceeds 0.8 wt %. The surface

roughness was significantly improved whenthe sample wasetched using the H202without

any HFin the electrolyte ; RMSroughness of about 200 A whenetched in the electrolyte

with HFand 27 A in the electrolyte with H202Only (Figure 2).
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Fig. I Effect of applied etching potential on the etching depth for an electrolyte mixed with

HF(1.4 wt %) and H202(0.8 wt %)depth (a) and the effect of the concentration of

H202on the etching depth (etching potential of 5V).
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Fig. 2AFMof surfaces of samples after PECetching using ; (a) HF-basedsolution as an

electrolyte and (b) H202as an electrolyte. TheRMSroughness of the samplesare 200

A (a) and27 A(b), respectively.
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Growthof SiC on Si(100) by LPCVDand Patterning of the GrownLayers
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Cubic silicon carbide (3C-SiC) is at present a topic of considerable interest due to its great
promise as a material for electronic device applications and microeletromechanical systems
(MEMS)in harsh environments, or for biomedical applications [1-5]. Semiconductor
materials growndirectly on silicon profit by the availability of low-cost large area substrates,
their superior thermal conductivity and the possibility to realize a newgeneration of devices
monolithically integrated with silicon microelectronics. Large lattice mismatch and the
difference in thermal expansion coefficients cause high residual stress and substrate bending.
The stress cannot be completely relaxed by the formation of misfit dislocations. It is

important to employ lower growth temperatures in order to improve the quality of the
heterostructure and to improve further processing. SiC replaces silicon in MEMSdevices
and gas-sensors for harsh environments. Due to its high chemical stability which is an
advantage of silicon carbide as a material for harsh environments it is difficult to employ
standard patterning approaches - wet and even dry (poor maskselectivity) etching. New
growth and patterning approaches must be developed to sustain flexibility of the device
design. A novel alternative processing approach to bulk micromachining of polycrystalline
SiC using Si molds wasrecently reported [6]. Theaim of the present paper is to investigate
low-temperature low-pressure CVDgrowth of SiC on Si(100) and Si(100) with a patterned
Si02 masklayer for patterning the grown layer without etching SiC itself.

The growth wasperformed in a standard horizontal infrared-heated LPCVDmachineAIX-
200 designed by AIXTRONand operated at low pressure (20 to 100 hPa) utilizing the

precursors carbon tetrabromide (CBr4) and monosilane (SiH4, 2(~o in H2) as sources of Cand
Si, respectively. For morestable operation at high temperatures the heating system has been
modified. A 150 Wmercury-xenon lamp as a UV-source has been added to the set-up [7].

Thegrowth rate at 940'C wasabout 0.25 um/h. Exactly (100) oriented Si substrates with or
without patterned Si02 masklayer were employed. Oursamples were grownwith or without

UVstimulation. Experiments with varied CBrdSiH4flow ratios were carried out. Ashort Si
substrate-carbonisation step [1] was added in the experiments at the beginning of the SiC
growth process.

The samples obtained were investigated by atomic-force microscopy (AFM), scanning
electron microscopy (SEM), photoluminescence (PL), optical microscopy, transmission
electron microscopy (TEM)and load-deflection measurements.In this work weconcentrated
our attention to the fabrication of patterned SiC on Si substrate. The uv stimulation
increased the uniformity of the grown surfaces and in most cases decreased their roughness
[7].
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Optical microscopy and SEMinvestigations showedmirror-like surfaces of the grown
layers. TEMinvestigations of these samples revealed the transition from amorphousto fine

polycrystalline and then to textured 3C-SiC films with variation of the Si/C ratio in the gas
phase. Wefound broad PLpeaks around 2.4 eVwith rwHMof about 0.44 eV.

The40-90 nmthick SiC Iayers were patterned employing anovel lift-off approach with Si02

as sacrificial layer. Silicon wafers were
oxidised at 1200'C (Si02 thickness about 1
um) and patterned in HF. The subsequent
SiC growth was optimised for the lift-off

process which was carried out in buffered
Hl? (to lift-off SiC on Si02). Finally, the Si

was patterned employing etching in 30%
KOHusing the SiC as mask. A plan-view

SEMimage of a micro-patterned SiC Iateral

resonant structure is shown in Fig. 1. The
edges of the patterned structure are sharp.

For structures oriented along {IOO}
directions undercut was observed. Cracking

or fracturing of the undercutted layers was
Fig. I .

Plan-view SEMimageof a micro-

not observed even in the case of a very small Patterned SiC Iateral resonant structure

radius of bending. The layers obtained reveal grownon Si (100) substrate.

exciting mechanical stability,

In conclusion, we have developed and described a low-cost approach to 3C-SiC LPCVD
growth and patteming. LPCVDwith uv stimulation has been developed as a technique for

the low-temperature growth of SiC on Si with a patterned Si02 mask. Examplesof surface

micromachined structures patterned by the described lift-off approach are presented. The
approach can be used for further pendeo-epitaxial growth or fabrication of micromechanical
devices, gas sensors, or biomedical applications.
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